We investigate experimentally and numerically the efficiency of surface plasmon polariton excitation by a focused laser beam using gold ridges. The dependence of the efficiency on geometrical parameters of ridges and wavelength dependence are examined. The experimental measurements accomplished using leakage radiation microscopy. The numerical simulations are based on Green's tensor approach.
INTRODUCTION
Integrated plasmonics operates with surface plasmon polaritons (SPPs) and is hoped to substitute integrated optics, which suffers from its components being bulkier than electronic ones, but in turn much faster than those 1, 2 . The rapid development of this relatively young branch of optics demands various active and passive components, including a very basic one -a component for the efficient excitation of surface plasmons. At present, the standard techniques of SPP excitation are based on the conversion of free propagating light to surface plasmon modes. Among the whole variety of configurations, the Kretschmann configuration and the excitation from surface roughness are the most widely used techniques. While the efficiency of the former method is well known 3 , that of the latter one depends very much on the configuration of the structure accomplishing the excitation. In this article, we consider the efficiency of SPPs excitation by illuminating a single ridge or a periodic set of those at normal incidence. Such configuration is favourable due to easiness of operation and availability to fabrication using electron-beam lithography. In addition, the metal film supporting SPP can be made completely opaque, eliminating the radiation loss, which increases surface plasmon's propagation length about twice in comparison with the Kretschmann configuration.
Investigations of SPP excitation efficiency in such configuration have been made experimentally 4 as well as numerically 5 . However, the only changing parameter in the former paper was the grating period, whereas the geometrical parameters of ridges were fixed. Ditlbacher et al. achieved a unidirectional efficiency of SPP excitation of about 2.3% for a single ridge and 7.5% for a grating composed of three ridges. The latter paper considers three variable parameters: ridge width, height and grating period. The calculations predicted the maximum coupling efficiency in a single direction of ~22%.
*ilr@sense.sdu.dk; phone 0045-6550-7345; fax 0045-6550-7384 In this work we show experimentally the possibility of light coupling into plasmons with the efficiency in a single direction of about 20%. The experimental results are supported by numerical simulations, which allows for choosing the optimum geometrical parameters. The results of calculations also allow us to make a suggestion of how to further increase the efficiency.
INVESTIGATION TECHNIQUES

Structures under Investigation and Experimental Technique
We consider periodic sets of gold ridges on top of a gold film illuminated normally with a focused laser beam. The amount of ridges is changing from 1 (single ridge configuration) to at most 19, whereas the period of ridges is chosen to be fixed at 800 nm. In the experiment, all ridges are 50-nm-high, though, in numerical simulations, it is a variable parameter.
All structures were fabricated by electron-beam lithography on a resist layer spun on top of a 50-nm-thick gold film on a quartz substrate, evaporation of a second gold layer, and subsequent lift-off. Figure 1a demonstrates a scanning electron microscope image of a typical structure used in our investigations.
To launch SPPs, we illuminated our structures with a tuneable (wavelength range 700 -860 nm) Ti:Sapphire laser's beam at normal incidence focused to a spot with diameter ~5 µm (at the level 1/e 2 of intensity). The polarization of the incident laser beam was perpendicular to the ridges. In this case two SPP beams are excited propagating in opposite directions, away from the ridge. Note that in most application configurations only one of them can be used. For this reason we define the light-plasmon coupling efficiency as a ratio between the intensity of one of the SPP beams and that of the incident laser illumination. In other words, we find a unidirectional SPP excitation efficiency. Note also, that with extended structures (like periodic set of ridges) the efficiency depends much on the position of illumination spot. In this case we were searching for that position which gives the maximum efficiency. It is this unidirectional efficiency, which we call the light-plasmon coupling efficiency or the SPP excitation efficiency.
To estimate the value of efficiency, we measure the power of leakage radiation (LR) from the excited SPP into the glass substrate 4 . The intensity of LR is in strict relation with that of the SPP 6 . So, if one knows the metal film thickness and the SPP wavelength, it is easy to evaluate the power carried by an SPP beam from the measured power of the corresponding LR. The random error of all measurement discussed in the paper was estimated to be ~15%. The setup for making LR measurements is well-known and described in details elsewhere 7 .
Calculation Technique
All calculations are made using the electromagnetic Green's tensor approach (GTA). The theory in its generality has already been illustrated elsewhere 8, 9 . Let us introduce the variation of the dielectric constant for the region of space occupied by the impedance defect, 
where the integration region A is the inhomogeneity volume. We omit the y-dependency of the field since it is cyclic with a constant spatial frequency, py
is the Green's tensor (GT). The GT describes the change of the field at the point || r produced by the propagation of the field generated or scattered by three orthogonal unit sources centred at an arbitrary point || r′ . Equation (1) is a combination of the physical constraints governing our system that is the Maxwell equations and the boundary conditions.
The solution is found in a two-step process. (i) Lippmann-Schwinger integral equation. First, the electric field is computed inside every ridge of the grating by solving self-consistently Eq. (1). The calculation involves the GT connecting any two points inside the defects, which is a Sommerfeld integral and must be attained numerically. (ii) Dyson equation. The field outside the defect is found using the second term of Eq. (1) to propagate the previously computed electric field inside the defect. Calculating the excitation efficiency only involves the analytical asymptotic approximation of the GT for the in-plane far-field zone:
. This GT represents the coupling between a point inside a ridge (the inhomogeneity) and the SPP at the plane.
EXPERIMENTAL AND NUMERICAL RESULTS
Wavelength Dependence of Coupling Efficiency
First, we investigate a wavelength dependence of the SPP excitation efficiency. For this purpose a 50-nm-high and 150-nm-wide gold ridge was fabricated. A unidirectional SPP excitation efficiency was measured in the wavelength range 750 -860 nm and found to decrease rapidly with the increasing wavelength. Assuming that Rayleigh scattering is mostly responsible for such behaviour, we plot the experimentally obtained dependence along with the numerical data in a double-logarithmic chart to find the exponent in the power law dependence (Fig. 1b) . Both data can be well fitted with a straight line giving the exponent in the experiment and calculation -5.4 and -4.5, respectively. One can see that the agreement is fairly good.
To increase the efficiency, it seems reasonable to use a periodic set of those ridges. The period, apparently, should be close to the SPP wavelength, but the precise value is not obvious. We investigate the wavelength dependence of the efficiency of gratings composed of up to 6 ridges having the same geometrical parameters as in the previous experiment. The result is shown in Fig. 1c . Here the wavelength dependence of efficiency for a single ridge is superposed with the grating effect, featuring the maximum at the wavelength close to 790 nm. Note, that the grating effect is the more pronounced the higher amount of ridges is used. For one ridge we obtained a unidirectional efficiency at the wavelength 800 nm of about 0.6%, which is almost four times less than that declared in Ref. 4 . This is due to the difference in laser illumination spot size (~5 µm in our case vs. 1 µm in Ref. 4) . Although better focusing is preferred with a few ridges, the larger beam size can be more advantageous with a considerable amount of ridges (10 -20) since more scatterers are involved in the excitation process. 
Dependence on Geometrical Parameters of Ridge
Finding the optimum geometrical parameters of an individual ridge is important because, as we show in this section, geometrical optimization can sufficiently increase the efficiency of light-plasmon coupling. We performed numerical simulations of SPP excitation on a single ridge varying its height in the range 50 -230 nm and width in the range 200 -600 nm. Figure 2a shows the efficiency of light-plasmon coupling at the free-space wavelength λ 0 =800 nm versus the ridge width calculated for some of the heights in the range. With only small difference, all of them feature maximum for the width close to 350 nm, i.e. almost half of the wavelength. The maximum achievable efficiency in Fig. 2a for every given height is then plotted in Fig. 2b . One can see almost a 6-time increase of efficiency with height growing from 50 nm up to 130 nm, where it reaches its maximum.
We checked the width dependence of excitation efficiency experimentally also using an illumination at the wavelength 800 nm. The ridge height was fixed at 50 nm. We tested configurations with 1, 3 and 5 ridges aligned periodically (period 800 nm) in the two latter cases. Fig. 2c shows the result. The experimental data exhibit maximum efficiency for the ridge width close to 350 nm, which is in agreement with the numerical simulations. The figure also demonstrates that the optimum width is not changing for the increasing number of ridges, at least within a small amount. Note that the fact that we obtained a larger efficiency experimentally, than it is predicted numerically for a 50-nm-high ridge, can be explained by a slightly larger laser beam diameter used in calculations. 
Optimum Wavelength for Excitation on Gratings
As we already mentioned, one of the way to increase the efficiency of excitation is to use a periodic set of ridges. Though, the optimum period is not necessarily equals to the SPP (or free-space) wavelength. To get more insight into that, we investigate gratings with a fixed period of 800 nm and change the laser beam wavelength instead since the grating period cannot be changed in the experiment.
First, we numerically investigate SPP excitation on a grating composed of 6 ridges having width 150 nm and height 50 nm. The width of the modelled laser beam is 3 µm. We place the zero of the coordinate system to the centre of the grating. Then we perform a scan of the laser beam from the centre to outside of the grating, evaluating the intensities of two SPP beams propagating in both directions. Figures 3a and 3b show the corresponding excitation efficiencies of those two SPPs versus the laser beam wavelength. Different curves represent the efficiencies obtained with different positions of the laser beam. Expectedly, the efficiency monotonously drops down for the left-propagating SPP (see the inset in Fig. 3a for geometry) with the laser beam moving from centre of the grating to the right (Fig. 3a) . On the contrary, the efficiency for the right-propagating SPP first increases reaching the maximum at the coordinate 600 nm and then monotonously decreases (Fig. 3b) . We will get back to that behaviour in the next section, whereas now the more important result is the wavelength, where the maximum efficiency is observed: it is 780 nm. Interestingly, the grating period of 800 nm is larger in this case than both the free-space wavelength, 780 nm, and the corresponding SPP wavelength, ~763 nm. In the experiment, we investigated two gratings composed of 7 and 11 ridges of the width 200 nm and 280 nm each, respectively. Instead of scanning the laser beam across the gratings, we were searching the position with the maximum achievable efficiency and then picked the value of that to the chart. So, in the way it is measured, it is an envelope of all the curves in Fig. 3b . The obtained result is shown in Fig. 4a . The lower curve shows the optimum wavelength of 790 nm, which repeats the result shown in Fig. 1c and also close to the value expected from the numerical simulations (780 nm). We would like to remind that in the experiment we always had a laser beam width of ~5 µm, which was the reason for the higher efficiency obtained here than in the calculations shown in Fig. 3b . The other curve for the 11-ridge grating shows that the optimum wavelength drifts towards the higher values with the increasing amount of ridges. The same conclusion can be drawn from another series of measurements, where we investigated the dependence of light-plasmon coupling on the amount of ridges (Fig. 4b) . The ridges composing the gratings are 280-nm-wide. Different curves here correspond to different free-space wavelengths. First of all, at the wavelengths far from the optimum one, the efficiency very quickly comes to saturation (730 nm and 770 nm) or even drops down (850 nm) with the amount of ridges exceeding 5. Secondly, for gratings with the small amount of ridges (below 7) the optimum wavelength is somewhere around 800 nm, but not clearly pronounced: the gratings are broadband. However with the increasing amount of ridges, the wavelength dependence gets more pronounced: first, 800 nm is preferable (for 11 ridges) and then 810 nm (for 15 and more ridges). The two main conclusions would be: (i) the optimum wavelength (or the optimum grating period for a fixed wavelength) is growing (diminishing) with the increasing amount of ridges composing a grating, and (ii) a grating with a large amount of ridges should have the period that is between the freespace wavelength and the wavelength of the corresponding SPP (in the experiment, 810 nm and 794 nm, respectively). The latter conclusion means that there are two competing processes of electromagnetic interaction between ridges: the one on the dielectric (air) side by mediation of photons and the other on the metal side through SPPs. To enhance each of those processes, the grating period equal to the corresponding wavelength is required, which eventually sets the optimum period in between of them.
Asymmetry of SPP Excitation on Gratings
We conclude our consideration of efficiency of SPP excitation on gratings by demonstrating the extent of asymmetry of surface plasmon beams excitation while using such structures. This will give an idea of total (bidirectional) lightplasmon coupling efficiency and also demonstrate the sensitivity of efficiency to the position of the laser beam with respect to the illuminated grating. Figure 5a shows the efficiency measured while scanning the laser beam across a grating. The grating was composed of 11 ridges (height=50 nm, width=280 nm). At two wavelengths where the highest efficiencies were obtained (800 nm and 816 nm), the profiles feature a relatively sharp maximum. At the optimum wavelength the efficiency is very sensitive to the laser beam position, which leads to a more unidirectional excitation. Assuming that the centre of the grating is approximately positioned at x=7 µm, one can find the efficiency of the SPP excitation on the farthest end of the grating while having maximum at the nearest one: 7% versus 19% at λ 0 =800 nm. For the wavelengths out of the resonance, the profiles possess a small plateau in the middle forming a shape reminding trapezium. At the wavelength 730 nm one can even observe a very small second local maximum on the other end of the grating.
We did not make modelling specifically for this geometry, but analogous plots can be extracted from the data presented in Fig. 3a ,b. The result of this procedure is shown in Fig. 5b . Though not directly comparable with data in Fig.   5a , the numerical results exhibit similar profiles. Interestingly, the one at λ 0 =730 nm also has two local maxima. The explanation could be that out of the resonance the excitation on a single ridge is more efficient than on grating because the periodic set of ridges causes destructive interference. Therefore moving the beam out of the grating excludes most of the ridges from the process, which turns out to be more favourable in this case. 
Reflection Phase Shift
One of the possible ways to further increase the efficiency of unidirectional excitation is to reflect the second SPP beam unavoidably excited on the other end of the grating. To do that, one can place another grating with the twice smaller period (to make Bragg reflection) on the farther end of the grating used for excitation. In order to properly choose the separation between the two gratings (for constructive interference), one needs to know the reflection phase shift. Here we offer a simple experiment solving the problem. Figure 6a shows the schematics of the two-ridges configuration, where grating1 is used for SPP excitation (period=800 nm) and grating2 for reflection (period=400 nm). We fabricated 6 of those structures with separation d increasing from 2.0 µm to 2.5 µm with the step 0.1 µm. All ridges are 50-nm-high and 150-nm-wide. Figure 6b represents the efficiency profiles (similar to those in Fig. 5a ) measured with the structures at the wavelength λ 0 =800 nm.
Note the evident similarity between the profiles for d=2.0 µm and 2.4 µm, as well as for d=2.1 µm and 2.5 µm. In both cases the difference is half the wavelength, as expected. We plotted the highest efficiency obtained with every structure versus the separation d (Fig. 6c) . Fitting with a sinusoidal curve yields a reflection phase shift of ~0.36π or the equivalent optical path length λ 0 /6. 
CONCLUSIONS
Summarizing, we have investigated numerically and experimentally the efficiency of SPP excitation on single ridges and on periodic sets of those. The variable parameters were wavelength of light used for excitation, ridges width and height, as well as their amount in gratings. The maximum experimentally obtained unidirectional excitation efficiency is about 20%. Although the dependence of efficiency on ridge height was not investigated experimentally, it was shown numerically that it is an important parameter, which can lead to almost 6-times increase in efficiency for one ridge when changing the height from 50 to 130 nm. The optimum ridge width was found to be close to half the illumination wavelength, but somewhat smaller. For gratings used to excite SPPs, the optimum period was found to be decreasing with the increasing amount of ridges composing a grating, but it was always larger than the SPP wavelength. The use of two gratings -the one for excitation and the other for reflection -was suggested to increase the efficiency of unidirectional light-plasmon coupling. A reflection phase shift was evaluated experimentally and found to be ~0.36π, or λ 0 /6 in optical path length units.
